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Abstract
In the AAA+ ClpXP protease, ClpX uses the energy of ATP binding and hydrolysis to unfold
proteins before translocating them into ClpP for degradation. For proteins with C-terminal ssrA
tags, ClpXP pulls on the tag to initiate unfolding and subsequent degradation. Here, we
demonstrate that an initial step in ClpXP unfolding of the 11-stranded β barrel of superfolder GFP-
ssrA involves extraction of the C-terminal β strand. The resulting 10-stranded intermediate is
populated at low ATP concentrations, which stall ClpXP unfolding, and at high ATP
concentrations, which support robust degradation. To determine if stable unfolding intermediates
cause low-ATP stalling, we designed and characterized circularly permuted GFP variants.
Notably, stalling was observed for a variant that formed a stable 10-stranded intermediate but not
for one in which this intermediate was unstable. A stepwise degradation model in which the rates
of terminal-strand extraction, strand refolding or recapture, and unfolding of the 10-stranded
intermediate all depend on the rate of ATP hydrolysis by ClpXP accounts for the observed
changes in degradation kinetics over a broad range of ATP concentrations. Our results suggest that
the presence or absence of unfolding intermediates will play important roles in determining
whether forced enzymatic unfolding requires a minimum rate of ATP hydrolysis.
Introduction
In cells ranging from bacteria to mammals, AAA+ proteases bind specific target proteins
and then use cycles of ATP binding and hydrolysis to unfold them and to translocate the
denatured polypeptide into a compartmental peptidase for degradation.1 Although these
ATP-fueled machines can unfold substrates with diverse structures and stabilities, some
proteins resist proteolysis or are only partially degraded.2–7 Inhibitory or slippery sequences,
highly stable domains, or stable unfolding intermediates have all been proposed to play roles
in helping proteins resist degradation.
The ClpXP protease of Escherichia coli consists of the AAA+ ClpX unfoldase and the
associated ClpP compartmental peptidase.8–9 Peptide signals that bind in the axial pore of a
hexameric ClpX ring, including the 11-residue ssrA tag, target substrates for ClpXP
degradation.10–13 ATP-dependent translocation is thought to pull the peptide tag through the
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pore, eventually unfolding attached domains that cannot pass through the narrow channel in
a native conformation (Fig. 1A). For stable proteins, unfolding is generally the rate-limiting
step in ClpXP degradation, often requiring hydrolysis of hundreds of ATP molecules.14–15
Once the substrate is unfolded, ClpX translocates the unfolded polypeptide into the
degradation chamber of ClpP in steps of 5–8 amino acids per power stroke.16–17 Because the
ssrA tag is a C-terminal degradation signal, translocation of ssrA-tagged substrates begins at
the C-terminus and proceeds to the N-terminus.
SsrA-tagged green fluorescent protein (GFP-ssrA) is an excellent model substrate for
ClpXP, because unfolding and degradation can be monitored by loss of native
fluorescence.14,18 Interestingly, however, ClpXP degradation of GFP-ssrA ceases or stalls at
low ATP concentrations, whereas degradation of other stable proteins slows linearly as the
rate of ATP hydrolysis decreases.7 To explain these observations, Martin et al. proposed that
unfolding of GFP-ssrA by ClpX requires two steps: initial extraction of the C-terminal β
strand, followed by unfolding of the resulting 10-stranded barrel.7 They also suggested that a
thresh-hold rate of ATP hydrolysis was needed for degradation because capture of the
strand-extracted intermediate required multiple rapid cycles of ATP hydrolysis to prevent
refolding of the extracted strand.
The fluorescence properties of GFP depend on its folded structure. For example, denatured
GFP displays very low fluorescence because of solvent quenching. In native GFP, by
contrast, an 11-stranded β barrel shields the enclosed chromophore (residue 65–67), which
contains a phenolic side chain that equilibrates slowly between protonated and unprotonated
states (Fig. 1A, 1B, 1C).19–21. The unprotonated chromophore absorbs 467-nm light and
emits 511-nm fluorescence (hereafter called 467-nm fluorescence). The protonated
chromophore absorbs 400-nm light but also emits a 511-nm photon (hereafter called 400-nm
fluorescence), because absorption transiently leads to deprotonation via an excited state
proton transfer (ESPT) reaction (Fig. 1C).22–23 Importantly, the proton acceptor (Glu222) for
this transfer reaction is on β-strand 11, near the C-terminus of GFP, and the Glu222→ Gln
mutant displays normal 467-nm fluorescence but no 400-nm fluorescence.24 In the studies
below, these fluorescence properties allow detection of a GFP species in which the β barrel
is largely intact but the C-terminal β-strand is not.
In this paper, we use ssrA-tagged variants of superfolder GFP (SFGFP; ref. 25) to probe the
mechanism of unfolding and degradation by ClpXP. Using fluorescence signals that monitor
different protein species, we show that ClpXP produces a strand-extracted intermediate
of SFGFP-ssrA, which is substantially populated both at low ATPase rates where
degradation stalls, and at high ATPase rates where robust degradation occurs. The rates of
appearance and disappearance of this intermediate suggest an on-pathway role in unfolding
and degradation. SFGFP contains multiple stabilizing mutations,25 which allowed us to
design, purify, and characterize circularly permuted variants in which different β strands
of SFGFP contained the C-terminal ssrA tag. One of these variants showed ClpXP stalling at
low ATPase rates, whereas another did not. We also engineered sites for thrombin cleavage
between the C-terminal and penultimate strands of SFGFP-ssrA and a permuted variant,
cleaved these proteins to produce split proteins, and then removed the C-terminal strand by
ClpXP extraction to test if the resulting 10-stranded barrels maintained metastable
structures. Stalling was only observed for substrates in which the strand-extracted protein
remained stably folded. In combination, our experiments show that ClpXP unfolds GFP in a
stepwise fashion and support a model in which the rates of terminal-strand extraction, strand
refolding, and unfolding of the 10-stranded intermediate all depend on the rate of ATP
hydrolysis.
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Results
ClpXP extraction of terminal β strands in split-GFP variants
GFP lacking its 11th strand maintains a folded structure.7,26 We inserted a site for thrombin
cleavage between strands 10 and 11 of SFGFP-ssrA (SFGFP-10/11-ssrA; Fig. 2A), incubated
the purified protein with thrombin, and confirmed that cleavage had occurred by SDS-PAGE
(Fig. 2B, lanes 1 and 2). This split protein had absorbance and fluorescence spectra similar
to those of the uncleaved protein (Fig. 2C, 2D). Next, we incubated the split substrate with
ClpXP and saturating ATP, and monitored fluorescence emission after excitation at 400 or
467 nm (hereafter, called 400-nm and 467-nm fluorescence). Importantly, we observed
complete time-dependent loss of 400-nm fluorescence (initial rate ~1.5 min−1 enz−1) with a
small increase in 467-nm fluorescence (Fig. 2E). SDS-PAGE confirmed that incubation of
the split SFGFP-10/11-ssrA substrate with ClpXP destroyed the small fragment,
corresponding to the ssrA-tagged 11th strand, but did not alter the large fragment,
corresponding to the remaining structural elements of GFP (Fig. 2B, lane 3). Previous
studies have shown that 467-nm fluorescence depends on shielding of the GFP chromophore
from water by the β barrel,27 whereas 400-nm fluorescence requires excited state proton
transfer (ESPT) from the chromophore to the side chain of Glu222 in strand 11 (Fig.
1C).22,24 In combination, these results indicate that ClpXP removes the ssrA-tagged 11th
strand of the split substrate without denaturing the remaining 10-stranded structure.
We also constructed a SFGFP-9/10-ssrA variant, containing a thrombin-cleavage site
between strands 9 and 10 (Fig. 2A), cleaved this protein with thrombin (Fig. 2B, lanes 4 and
5), and performed experiments similar to those described above. In this case, incubation of
the 9/10-split substrate with ClpXP resulted in loss of both 400-nm and 467-nm fluorescence
with an initial rate of ~0.5 min−1 enz−1 (Fig. 2F). We conclude that ClpXP extraction of the
11th strand of GFP leaves the β barrel largely intact, whereas extraction of both the 10th and
the 11th strands leads to denaturation of the barrel, allowing solvent to quench the
chromophore. Our finding that ClpXP extraction of strand 11 from the 10/11-split substrate
occurred faster than extraction of strands 10 and 11 from the 9/10-split substrate is
consistent with a sequential model of extraction of these elements of secondary structure in
the intact native protein.
GFP fluorescence during ClpXP stalling supports terminal-strand extraction
At the low ATPase rates that result in stalling, competition between ClpXP extraction and
subsequent refolding of the eleventh strand of GFP was proposed to result in populations of
the strand-extracted and native structures that depend on the rates of each reaction.7 This
model predicts that stalling conditions should result in lower values of 400-nm fluorescence
(a measure of intact GFP) as compared to 467-nm fluorescence (intact GFP plus the strand-
extracted species). Indeed, using ClpXP (1 μM), SFGFP-ssrA (10 μM), and a low ATP
concentration (50 μM), we observed a time-dependent decrease in 400-nm fluorescence but
almost no change in 467-nm fluorescence (Fig. 3A). After ~1000 s, the 400-nm fluorescence
stabilized, suggesting that equilibrium had been reached. We observed no change in 400-nm
or 467-nm fluorescence in the absence of ClpXP but observed rapid loss of both signals
when 4 mM ATP was added to the stalled reaction after 2500 s (data not shown).
To determine if the strand-extracted intermediate of SFGFP-ssrA accumulated under robust
degradation conditions, we assayed changes in 400-nm and 467-nm fluorescence in a
reaction containing 10 μM substrate, 1 μM ClpXP, and 4 mM ATP (Fig. 3B). As noted
above, 467-nm fluorescence includes contributions from native GFP plus the intermediate,
whereas 400-nm fluorescence depends only on the native GFP concentration. Thus, the
concentration of the strand-extracted intermediate can be calculated as a function of the
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initial GFP concentration (GFP0), and the normalized 400-nm and 467-nm fluorescence: [I]
= GFP0•(467F/467F0 − 400F/400F0). The concentration of the intermediate was substantial
(~25% of the ClpXP concentration) during most of the degradation reaction (Fig. 3B).
Moreover, when we varied the ClpXP concentration but kept the SFGFP-ssrA (10 μM) and
ATP (4 mM) concentrations constant, the amount of the intermediate increased linearly with
ClpXP concentration (Fig. 3B, inset). This result is expected for an enzyme-bound
intermediate in degradation. An on-pathway intermediate would need to form at a faster rate
than overall degradation. Indeed, the rate of ClpXP extraction of strand 11, calculated from
the 10/11-split GFP experiment (Fig. 2E), was ~4-fold faster than the degradation rate in the
experiment using 1 μM ClpXP and 4 mM ATP (Fig. 3B).
The His148→Asp GFP mutation on β-strand 7 provides an alternative ESPT acceptor and
restores 400-nm fluorescence to Glu222→Gln GFP.28 Thus, H148D-SFGFP should not lose
400-nm fluorescence even upon extraction of Glu222 and strand 11 from the β barrel. Indeed,
incubation of H148D-SFGFP-ssrA with ClpXP caused no change in 400-nm or 467-nm
fluorescence using 50 μM ATP (Fig. 3C), which results in stalling, but caused concurrent
loss of both signals during degradation using 4 mM ATP (Fig. 3D).
Stalling behavior of circularly permuted GFP variants
A circularly permuted GFP that lacks strand 7 (strand order 8-9-10-11-1-2-3-4-5-6) forms a
10-stranded fluorescent barrel.29 This result suggested that a circularly permuted ssrA-
tagged variant in which strand 7 was at the C-terminus of the β barrel (cp7-SFGFP-ssrA)
might also display ClpXP stalling behavior. Indeed, when we constructed and purified
cp7-SFGFP-ssrA (Fig. 4A), ClpXP degraded this substrate at high but not low ATP
concentrations as measured by SDS-PAGE (Fig. 4B) or by loss of 467-nm fluorescence
(Fig. 4C).
We also constructed a circularly permuted mutant with strand 6 at the C-terminus
(cp6-SFGFP-ssrA; Fig. 4A). Strikingly, ClpXP degraded cp6-SFGFP-ssrA at low
concentrations of ATP, which did not support degradation of SFGFP-ssrA or cp7-SFGFP-
ssrA (Fig. 4B & 4C). We conclude that stalling is not an intrinsic property of the
architecture of GFP, but depends instead on which strand is initially extracted by ClpX. To
test the importance of strand 6 in barrel stability, we engineered a thrombin-cleavage site
between the penultimate and terminal strands of cp6-SFGFP-ssrA to generate a
cp6-SFGFP-5/6-ssrA variant. Following thrombin cleavage, ClpXP extraction of the terminal
peptide of cp6-SFGFP-5/6-ssrA caused complete loss of native 467-nm fluorescence (Fig.
5A). After ClpXP strand extraction, the cp6-SFGFP-5 protein appeared to be aggregated and
eluted in the void volume of an S200 gel-filtration column. Moreover, in comparison with
the native split protein, the absorbance spectrum of the gel-filtered protein had a blue-shifted
absorbance maximum near 395 nm and had lost an absorbance peak near 490 nm (Fig. 5B).
These properties are similar to those of uncleaved cp6-SFGFP-ssrA after acid denaturation
(Fig. 5B). Thus, ClpXP degradation of cp6-SFGFP-ssrA does not stall at low ATP
concentrations, and extraction of the C-terminal strand of a closely related protein causes
loss of barrel integrity.
In combination, these results show a correlation between the stability of strand-extracted
intermediates and the ability of different substrates to stall ClpXP degradation at low ATP
concentrations. Specifically, the SFGFP-ssrA and cp7-SFGFP-ssrA proteins stall ClpXP and
removal of their C-terminal strands (strands 11 and 7, respectively) results in 10-stranded
barrels that are stable enough to maintain native fluorescence. By contrast, the cp6-SFGFP-
ssrA protein did not stall ClpXP, and extraction of its C-terminal strand resulted in
unfolding.
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Stalling substrates have lower maximal rates of ClpXP degradation
Using saturating ATP, we determined steady-state kinetic parameters for ClpXP degradation
of different concentrations of GFP-ssrA, SFGFP-ssrA, cp6-SFGFP-ssrA, and cp7-SFGFP-
ssrA (Fig. 6A; Table 1). Interestingly, cp6-SFGFP-ssrA, the only substrate which did not
stall, also had the highest Vmax value. Although the “stalling” substrates displayed a range
of Vmax values, with SFGFP-ssrA being the slowest, the overall correlation suggests that
substrates whose degradation stalls at low ATPase rates are also more difficult to degrade at
high ATPase rates.
Equilibrium and kinetic stability
We determined the thermodynamic and kinetic stabilities of the GFP-ssrA, SFGFP-ssrA,
cp6-SFGFP-ssrA, and cp7-SFGFP-ssrA proteins at different concentrations of GuHCl. The
equilibrium stability of the SFGFP-ssrA protein was substantially greater than the stabilities
of GFP-ssrA, cp6-SFGFP-ssrA, and cp7-SFGFP-ssrA (Fig. 5B; Table 1). At 5 M GuHCl, the
order of kinetic stabilities from most to least stable was SFGFP-ssrA > GFP-ssrA >
cp6-SFGFP-ssrA > cp7-SFGFP-ssrA (Fig. 5C); extrapolation to 0 M denaturant gave SFGFP-
ssrA > cp6-SFGFP-ssrA > GFP-ssrA > cp7-SFGFP-ssrA (Table 1). These results show that
neither ClpXP stalling nor the maximal rate of degradation correlate with the equilibrium or
kinetic stabilities of the GFP variants, a result that is consistent with previous studies of
different ClpXP substrates.4,30 Indeed, the single non-stalling substrate, cp6-SFGFP-ssrA,
was degraded at the fastest rate but had stabilities intermediate between those of the non-
stalling substrates.
Tests for sequence-dependent effects on unfolding
Because the initial step in ClpXP degradation of GFP involves extraction of the terminal
strand, the enzyme would then need to pull on the extracted sequence as it attempted to
unfold the resulting 10-stranded barrel. As shown above, ClpXP degraded cp6-SFGFP-ssrA,
which does not stall, with a ~3-fold higher Vmax than SFGFP-ssrA, which does stall. To test
if these differences in degradation rates result from the differential ability of ClpXP to grip
the sequences that form β-strands 6 or 11, we cloned these sequences between a folded
protein domain (titinI27) and a C-terminal ssrA-tag. Importantly, ClpXP degraded each
substrate at a similar rate (Fig. 7), suggesting that it grips the strand-6 and strand-11
sequences almost equally well during unfolding. Thus, the properties of the strand-6 and
strand-11 sequences do not appear to account for the slower degradation of SFGFP-ssrA
compared to cp6-SFGFP-ssrA or for the stalling differences between these substrates.
ATPase dependence
We determined the rates at which ClpXP hydrolyzed different concentrations of ATP in the
presence of 10 μM GFP-ssrA, SFGFP-ssrA, cp6-SFGFP-ssrA, or cp7-SFGFP-ssrA. Fig. 8A
shows normalized ATPase rates plotted as a function of ATP concentration. For each
substrate, the v/Vmax curves were similar and were fit well by the Hill version of the
Michaelis-Menten equation, with half-maximal rates at ATP concentrations of 115–135 μM
and positively cooperative n-values of 1.8 to 2.2 (Table 1). There were, however, substrate-
dependent Vmax differences, with the values for GFP-ssrA, SFGFP-ssrA, and cp7-SFGFP-
ssrA being roughly similar (159–203 min−1 enz−1), whereas the value for the non-stalling
substrate, cp6-SFGFP-ssrA, was substantially higher (336 min−1 enz−1).
Next we determined rates of degradation for GFP-ssrA, SFGFP-ssrA, cp6-SFGFP-ssrA, or
cp7-SFGFP-ssrA over a wide range of ATP concentrations by measuring loss of 467-nm
fluorescence. Fig. 8B shows the fractional degradation rate plotted as a function of the
fractional ATPase rate (defined as α). Strikingly, degradation of GFP-ssrA, SFGFP-ssrA, and
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cp7-SFGFP-ssrA, the substrates in which the strand-extracted intermediate is stable, fell off
in similar, very steep non-linear fashions. Indeed, a modest initial decline in the ATPase rate
from 100 to 90% of maximal resulted in a ~5-fold decrease in the degradation rate of these
substrates. By contrast, ClpXP degradation of cp6-SFGFP-ssrA, the substrate in which the
strand-extracted intermediate is unstable, decreased in a roughly linear manner with the
ATPase rate.
We found that single-intermediate model generally accounted for both the stalling and non-
stalling behaviors of the different GFP substrates (Fig. 8C). In this model, the ClpXP-
substrate complex (ES) forms a strand-extracted intermediate (EI) with a rate constant of
k1•α, and EI is subsequently denatured/degraded with a rate constant of k2•α or refolds to ES
with a rate constant of k−1• (1−α). The latter term, disfavors refolding of the strand-extracted
intermediate at high ATPase rates, when most ClpXP enzymes are ATP bound. Assuming
steady-state for [EI] and substrate saturation, this model predicts that the fractional
degradation rate equals k1•k2•α2/(k−1•(1−α)+(k1+k2)•α). Fig. 8B shows fits to this equation
for one of the stalling substrates (GFP-ssrA; R > 0.99) and for the non-stalling substrate
(cp6-SFGFP-ssrA; R > 0.99). Good fits were also obtained for SFGFP-ssrA and cp7-SFGFP-
ssrA (R > 0.98). Although the single-intermediate model recapitulates most of the observed
stalling features, it seems likely that more than one unfolding intermediate is populated to
some degree, potentially including intermediates which the C-terminal β strand is only
partially dislodged or extracted.
Discussion
To explain why degradation of GFP-ssrA ceases at low rates of ATP hydrolysis, Martin et
al. proposed that ClpXP extracts the ssrA-tagged terminal strand from the GFP β barrel but
the intermediate refolds before further unfolding and degradation can occur.7 Our results
strongly support this stepwise model for ClpXP unfolding of GFP, which leads to futile
cycles of strand extraction and refolding at low concentrations of ATP. For example, we
designed a split variant in which the ssrA-tagged 11th strand was non-covalently bound to
the remaining GFP structure and found that ClpXP extracted this strand without denaturing
the rest of the protein. Moreover, the rate of strand extraction in this experiment was fast
enough to account for the rate of GFP proteolysis, as expected for an on-pathway step in the
degradation reaction. Notably, when ClpXP extracted the 11th and 10th strands of another
split GFP variant, the remaining portions of GFP did denature. Thus, GFP lacking its C-
terminal 11th strand is reasonably stable but subsequent extraction of the adjacent 10th strand
results in unfolding. GFP-ssrA lacking its C-terminal strand loses 400-nm fluorescence,
which depends upon Glu222 in strand 11, but maintains normal 467-nm fluorescence.
Importantly, we found that ClpXP produces GFP species with a reduced ratio of 400/467
fluorescence both under low-ATP stalling conditions and high-ATP degradation conditions,
as predicted if a strand-extracted intermediate is populated under these conditions.
We designed a circularly permuted variant of superfolder GFP (cp7-SFGFP-ssrA), which
should also form a stable 10-stranded intermediate after extraction of its C-terminal strand.29
Like non-permuted SFGFP-ssrA, this variant was resistant to ClpXP degradation at low
ATP-hydrolysis rates. By contrast, another circularly permuted variant (cp6-SFGFP-ssrA)
unfolded following extraction of its C-terminal strand and did not stall ClpXP. Thus, the
ability to resist ClpXP degradation at low ATP concentrations correlates with the ability of
the substrate to form a stable unfolding intermediate, even though stalling did not correlate
with the global stabilities of different substrates. At saturating ATP, ClpXP degraded
stalling GFP variants more slowly than the non-stalling variant. Thus, the presence of a
stable unfolding intermediate appears to slow normal degradation. We note, however, that
Vmax for ClpXP degradation of SFGFP-ssrA was less than half the value of the other stalling
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substrates (Table 1), suggesting that changes in the rates of strand extraction and/or in the
rates of unfolding of the 10-stranded barrel also play roles in determining the overall rates of
degradation of these proteins.
ClpXP appears to unfold proteins using a power-stroke mechanism.15–17 Specifically, each
cycle of ATP hydrolysis by ClpX is thought to result in an attempt to translocate a segment
of the substrate polypeptide, thereby pulling the native protein against the narrow axial
channel and creating a transient unfolding force. For stable substrates, like the titinI27
domain, hundreds of cycles of ATP hydrolysis can be required before denaturation becomes
statistically probable.15 This result suggests that a power stroke must coincide with a
stochastic decrease in protein stability to successfully extract the terminal structural element
of the substrate. For titinI27, this initial ClpXP-mediated unfolding event appears to cause
global denaturation.7 Studies of ClpXP unfolding of a multidomain filamin substrate
assayed by optical-trapping nanometry also support this model.16 For example, in different
single-molecule experiments, the dwell time before unfolding of a specific filamin domain
varied from a few to more than 100 s, with the latter time being sufficient to hydrolyze
several hundred ATP molecules. However, once unfolding of a filamin domain commenced,
highly cooperative denaturation was typically complete in less than 1 ms. Subsequent
ATPase cycles then resulted in translocation of the unfolded protein in steps of 5–8 amino
acids at an average rate of ~30 residues s−1.
Our current view of the mechanism by which ClpXP unfolds GFP-ssrA begins with repeated
enzymatic tugging on the 11th or C-terminal strand that is attached to the ssrA tag. During
this process, enzymatic pulling will occasionally partially or completely dislodge the
terminal strand, leaving a native 10-stranded barrel. Multiple cycles of ATP hydrolysis are
then required to finish translocation of the extracted strand and preceding turn (~18 residues)
and to unfold the remaining 10-stranded structure to allow degradation. The time required
for completion of these events will increase as the ATPase rate decreases. Refolding of the
extracted strand before unfolding of the 10-stranded barrel would restore the original
substrate, necessitating renewed attempts to begin denaturation of the 11-stranded barrel.
Strand refolding probably requires slipping of the substrate from the grip of ClpXP and is
therefore more likely to occur at low ATPase rates when a higher fraction of enzymes are in
an ATP-free state. Indeed, good fits of the observed ATP dependence of GFP degradation
by ClpXP required a strand-refolding rate proportional to 1 minus the fractional ATP-
hydrolysis rate.
The protein-unfolding activities of different AAA+ proteases display considerable
variation.31 For example, the HslUV and FtsH proteases fail to degrade GFP proteins with
suitable C-terminal recognition tags, whereas Lon degrades such substrates about 200-fold
more slowly than ClpXP or ClpAP.32–36 For the proteases that degrade these GFP variants
poorly, it is presently unclear if these AAA+ enzymes fail to dislodge the C-terminal strand
or if they fail in a subsequent step in unfolding and degradation. Our results suggest that this
question could be resolved by assaying 400-nm and 467-nm fluorescence of appropriate
GFP variants during unfolding attempts by Lon, HslUV, and FtsH. Moreover, preliminary
experiments suggest that appropriately tagged versions of some of our circularly permuted
GFP proteins will be useful model substrates for Lon and HslUV, allowing convenient
fluorescence-based assays of the unfolding and degradation activities of these AAA+
proteases. We note that ClpXP extraction of the terminal elements of split proteins also
provides a powerful new tool with which to investigate the sequence determinants of protein
structure and function. GFP-fusion proteins are commonly used to study protein localization
and turnover in vivo, but interpretations can be complicated if partial degradation generates
free GFP. This problem could potentially be overcome by fusing proteins to a circularly
permutated GFP that can be completely degraded.
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Materials and Methods
Protein Expression, Purification, and Cleavage
E. coli ClpX and E. coli ClpP were purified as described.14,37 A His6-tagged variant of E.
coli SspB was purified by Ni2+-NTA chromatography and S200 size-exclusion
chromatography.38 GFP or titinI27 substrates were expressed in E. coli strain X90, which
had been transformed with appropriate overproducing plasmids. Cells were grown at 37 °C
to OD600 = 0.8, protein expression from the T7 promoter was induced by addition of 1 mM
IPTG, and growth was continued at room temperature for 3.5 h, before the cells were
harvested and lysed.
The coding sequence for SFGFP was obtained from the Registry of Standard Biological Parts
(BBa I746916). SFGFP variants were cloned into pCOLADuet-1 with an N-terminal H6 tag
(MGSHHHHHH) and a C-terminal ssrA tag (AANDENYALAA). Table 1 lists the
different SFGFP or GFP variants used for these studies and NCBI accession numbers for
their amino-acid sequences. Most variants were constructed in the super-folder GFP
sequence background (SFGFP).25 Circularly permuted GFP variants are designated with a
cp# prefix, where # represents the C-terminal β strand of the permuted structure, and were
cloned with a GGTGGS sequence connecting the residues corresponding to wild-type N
terminus and C terminus.39 In some GFP variants, a GGTEGSLVPRGSGESGGS sequence
for thrombin cleavage was inserted into the loop between two β strands to allow production
of split proteins. These variants have names like SFGFP-10/11-ssrA, where 10/11 indicates
insertion of the cleavage site between strands 10 and 11. The gene and amino-acid
sequences of the substrates used in this work have been deposited in the databases of the
National Center for Biotechnology Information; accession codes are listed in Table 1 or in
figure legends.
All GFP variants were purified by Ni2+-NTA affinity (Qiagen) and S200 size-exclusion
chromatography, and were stored in PD buffer (50 mM HEPES [pH 7.5], 200 mM KCl, 5
mM MgCl2, 10% glycerol). Cleavage of appropriate substrates with thrombin (GE
Healthcare; 4 units/mg substrate) was performed in 20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 2.5 mM CaCl2 for 2 h at 37 °C.
Substrates containing the human titinI27 domain, linker regions, and a C-terminal ssrA-tag
were cloned in pACYC, purified by Ni2+-NTA affinity, and stored in PD buffer.
Biochemical Assays
Degradation and unfolding assays were performed at 30 °C in PD buffer and were
monitored by SDS-PAGE, and/or by loss of fluorescence emission at 511 nm after
excitation at 400 nm or at 467 nm. Degradation reactions contained ssrA-tagged substrates,
E. coli ClpX6, E. coli ClpP14, and an ATP-regeneration system (16 mM creatine phosphate,
6 μg/mL creatine phosphokinase). Some degradation reactions also contained E. coli SspB,
which helps deliver ssrA-tagged substrates for ClpXP degradation.40 Rates of ATP
hydrolysis were determined at 30 °C in PD buffer using an assay in which production of
ADP is coupled to enzymatic oxidation of NADH.41–42 Equilibrium and kinetic stability
assays were performed at 30 °C in PD buffer supplemented with different concentrations of
GuHCl and were monitored by changes in 467-nm fluorescence.
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Research highlights
• ClpX extracts the C-terminal β-strand of GFP-ssrA first, leaving a 10-stranded
barrel
• The strand-extracted intermediate is populated during ClpX degradation
• Refolding of the extracted strand is favored at low ATP, causing degradation to
stall
• Low-ATP stalling is not observed for one circularly permuted GFP variant
• The strand-extracted intermediate is unstable for this non-stalling substrate
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Fig. 1.
(A) Cartoon showing ClpXP after engaging the ssrA tag of SFGFP-ssrA but before
unfolding, translocation, and degradation. The GFP chromophore is shown in CPK
representation (nitrogen, blue; oxygen, red; carbon, green). (B) Diagram of the secondary
structure of SFGFP-ssrA. β strands are the same color as in the structure in panel A. (C)
Absorption of 400-nm light results in excited state proton transfer (ESPT) in which the
phenolic proton moves to Glu222 on strand 11. Return to the ground state is accompanied by
fluorescence emission at 511 nm. Mutation of Ser205 or Glu222 prevents ESPT and
fluorescence after excitation with 400-nm light. Fluorescence arising from excitation of the
deprotonated chromophore with 467-nm light does not depend on Ser205 or Gly222.
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Fig. 2.
(A) A thrombin cleavage sequence (LVPRGS) was inserted between strands 10/11 or 9/10
in the SFGFP-10/11-ssrA and SFGFP-9/10-ssrA proteins (NCBI accession codes JF951868
and JF951869, respectively), allowing creation of split proteins. (B) SDS-PAGE
showing SFGFP-10/11-ssrA or SFGFP-9/10-ssrA (10 μM each) before and after thrombin
cleavage and ClpXP (0.3 μM ClpX6; 0.9 μM ClpP14) extraction/degradation. The gel is a
composite, with the lower portion taken from a gel containing 8-fold more sample than the
upper portion. CPK, creatine phosphokinase. (C) Absorbance spectra of SFGFP-10/11-ssrA
before (closed circles) or after (open circles) thrombin cleavage. (D) Fluorescence emission
spectrum of SFGFP-10/11-ssrA before (closed circles) or after (open circles) thrombin
cleavage. (E) Incubation of 10 μM thrombin-cleaved SFGFP-10/11-ssrA with 1 μM ClpXP
(1 μM ClpX6; 2 μM ClpP14) and 4 mM ATP resulted in loss of 400-nm (open circles) but
not 467-nm (closed circles) fluorescence. (F) Incubation of 10 μM thrombin-
cleaved SFGFP-9/10-ssrA with 1 μM ClpXP and 4 mM ATP resulted in loss of 400-nm
(open circles) and 467-nm (closed circles) fluorescence. The experiments in panels E and F
contained an ATP-regeneration system.
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Fig. 3.
(A) Changes in 400-nm fluorescence (open circles) or 467-nm fluorescence (closed circles)
following incubation of SFGFP-ssrA (10 μM) with ClpXP (1 μM ClpX6; 2 μM ClpP14) and
50 μM ATP. (B) Same proteins as in panel A but using 4 mM ATP. The inset shows the
concentration of the strand-extracted intermediate after 250 s as a function of ClpXP
concentration from 4 mM ATP experiments like the one in the main panel. Values plotted
are averages (n=4) ± 1 standard deviation. (C) Changes in 400-nm fluorescence (open
diamonds) or 467-nm fluorescence (closed diamonds) following incubation of
H148D-SFGFP-ssrA (10 μM; NCBI accession code JF951865) with ClpXP (1 μM ClpX6; 2
μM ClpP14) and 50 μM ATP. (D) Same proteins as in panel B but using 4 mM ATP. An
ATP-regeneration system was used in all experiments.
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Fig. 4.
(A) Cartoon representation of the order of β strands in SFGFP-ssrA and circularly permuted
variants. (B) Permuted variants (1 μM) were incubated overnight with ClpXP (1.25 μM
ClpX6; 2.5 μM ClpP14), the SspB adaptor (1 μM), and 0, 50, or 300 μM ATP before
assaying degradation by SDS-PAGE. (C) End-point experiments like those in panel B were
performed but degradation was assayed by reduced 467-nm fluorescence. GFP-ssrA
(circles); SFGFP-ssrA (squares); cp6-SFGFP-ssrA (diamonds); cp7-SFGFP-ssrA (triangles).
The lines are fits to a modified form of the Hill equation. In the panel B and C experiments,
an ATP-regeneration system was used.
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Fig. 5.
(A) The cp6-SFGFP-5/6-ssrA protein (10 μM; NCBI accession code JF951870) was cleaved
with thrombin and incubated with ClpXP (1 μM ClpX6; 2 μM ClpP14), 4 mM ATP, and an
ATP-regeneration system. ClpXP extraction of the terminal β strand resulted in time-
dependent loss of 467-nm fluorescence and 400-nm fluorescence (data not shown). The
initial rate of this reaction (0.2 min−1 enz−1) was slow, but within error of the rate of ClpXP
degradation of uncleaved cp6-SFGFP-5/6-ssrA (data not shown). (B) Absorbance spectra of
thrombin-cleaved cp6-SFGFP-5/6-ssrA (closed triangles), the cp6-SFGFP-5 protein after
ClpXP strand extraction and purification by S200 gel filtration (open triangles), and
cp6-SFGFP-ssrA denatured by incubation at pH 2 (squares).
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Fig. 6.
(A) Michaelis-Menten plots of ClpXP degradation (0.1 μM ClpX6; 0.2 μM ClpP14) of ssrA-
tagged variants of GFP and SFGFP in the presence of 4 mM ATP and an ATP-regeneration
system. Initial degradation rates were calculated from changes in 467-nm fluorescence. The
lines are fits to the equation rate = Vmax•[S]/(KM + [S]). Error bars (± 1 SD) based on four
independent replicates. KM and Vmax values for each substrate are listed in Table 1. (B)
Proteins (0.5 μM) were incubated with different concentrations of GuHCl for 2 weeks, and
denaturation was assayed by 467-nm fluorescence. The solid lines are fits to a two-state
unfolding model. cp7-SFGFP-ssrA has an unusual native baseline and higher meq value than
the other proteins (Table 1). These properties could reflect an increase in the solvent
accessibility of the unfolded protein and/or the presence of a populated unfolding
intermediate. (C) Rates constants for unfolding (ku) were determined by single-exponential
fits of changes in 467-nm fluorescence after jumps to different concentrations of GuHCl.
The values plotted are averages of three independent experiments ± 1 standard deviation.
The final protein concentration in each assay was 0.5 μM.
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Fig. 7.
Sequences corresponding to the 6th β-strand (TLVNRIELKGI) or the 11th β-strand strand
(HMVLLEFVTAA) of SFGFP were inserted between the titinI27 protein and the ssrA tag
(NCBI accession codes JF951871 and JF951872, respectively). ClpXP (1 μM ClpX6; 2 μM
ClpP14) degradation of each substrate (10 μM) was monitored by SDS-PAGE, staining with
Coomassie blue and densitometry. Reactions contained 4 mM ATP and an ATP-
regeneration system.
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Fig. 8.
(A) Fractional rates of ATP hydrolysis (α = v/Vmax) by ClpXP (1 μM ClpX6; 2 μM ClpP14)
at different concentrations of ATP in the presence of 10 μM GFP-ssrA (squares), SFGFP-
ssrA (circles), cp6-SFGFP-ssrA (triangles), or cp7-SFGFP-ssrA (diamonds). The solid line is
a fit of the SFGFP-ssrA data to α = 1/(1+(KM/[ATP])n), the Hill form of the Michaelis-
Menten equation. KM, Vmax, and n values for each protein substrate are listed in Table 1. (B)
Fractional degradation rates (v/Vmax) for ClpXP (1 μM ClpX6; 2 μM ClpP14) proteolysis of
10 μM GFP-ssrA (diamonds), SFGFP-ssrA (closed circles), cp6-SFGFP-ssrA (triangles), and
cp7-SFGFP-ssrA (downward triangles) are plotted as a function of the fractional rate of ATP
hydrolysis (α). Solid lines are fits to the equation ka•α2/(kb•(1−α)+α) for GFP-ssrA and cp6-
SFGFP-ssrA, where ka = k1k2/(k1+k2) and kb = k-1/(k1+k2). (C) Single-intermediate model
for enzymatic unfolding, where ES represents the complex of ClpXP with intact GFP and EI
represents a complex in which the terminal β strand of the substrate has been extracted,
leaving a 10-stranded β barrel.
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